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Bubble Chambersprovided the dominant particle detectiontechnologyin ac-

celerator experimentsfor several decades,eventually falling into disusewith

the advent of other techniques. We report here on the first period of op-

eration of an ultra-clean, room-temperature bubble chamber containing 1.5

kg of superheatedCF � I, a target maximally sensitive to spin-dependentand

-independentWeakly Interacting MassiveParticle (WIMP) couplings. An ex-

posure in excessof 250kg-daysis obtained,with a live-time fraction reaching

80%. This illustrates the ability to employ bubble chambersin a new realm,

the search for dark matter particles. Impr oved limits on the spin-dependent

WIMP-pr oton scatteringcrosssectionareextracted fr om this first period. An
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extremeintrinsic insensitivity to the backgroundscommonly limiting theseex-

periments(a rejectionfactor for photon-inducedelectronsof 	�
��� ��� ) hasbeen

measured in operating conditions leading to the detection of low-energy nu-

clear recoilssuchasthoseexpectedfr om WIMPs.

Intr oduction

With approximately85% of the total matterof the universein a form which still eludesdi-

rect detection,the needfor large-mass,background-insensitive detectorsable to explore the

very small couplingsexpectedfrom Weakly InteractingMassive Particles(WIMPs) is urgent.

While a memberof this family of hypotheticalparticles,theLightestSupersymmetricPartner

(LSP, a.k.a.neutralino)standsout asoneof themostlikely candidatesfor theDark Matter in

galaxies(1,2), its predictedinteractionratevia low-energy elasticscatteringoff nuclei is ��� 1

event/kg-dayfor any target. In someunfavorable,yet entirely plausiblemodelsthis can be-

comea dismayinglysmall � 1 event/ton-year. To furtheraggravatethis situation,thecouplings

still allowedby presentdirectsearchesarealreadysoweakthatthenext generationof massive

(O(100)kg)WIMP detectorswill necessarilysuffer from apenuryof statisticsin any darkmat-

ter signalthey mayobserve.For instance,uniquesignaturessuchasa 	 5% annualmodulation

in WIMP interactionrateexpectedfrom the orbital motion of the Earth(3) will soonrequire

extremeexposuresof O(100)Ton-yearto becomeevident.InformationaboutWIMP properties

(e.g.,massof theparticle)will bescarce.This clearlyindicatestheneedfor a varietyof detec-

tion techniquesandtargets,andfor anemphasiswithin eachexperimentnotonly on improving

sensitivity, but on developingschemesthatallow theunequivocal identificationof theseparti-

cles(4).

Superheatedliquids, in the form of bubblechambers,wereextensively usedasthe detec-

tion mediumof choicein acceleratorexperimentsspanningmore than threedecades.These
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chambersled not just to numerousdiscoveries,but alsoto aneffect nearlyasimportant:anun-

precedentedability to visualizefundamentalparticlesandtheir interactions(5,6). Theadventof

newertechnologiesledto theirprogressiveobsolescenceduringtheseventies.In abubblecham-

ber, theheatdepositedby ionizing radiationsalongtheir pathproduceslocal nucleationsof the

vaporphasein adelicate(metastable)superheatedliquid. Rapidlygrowing bubblesform along

thispath,arephotographed,andthechamberis thenresetby fastrecompressionto thestableliq-

uid phase.Decompressionfollows,bringingthetargetbelow its vaporpressureat theoperating

temperature,sensitizingit to radiationandstartingthecycle anew. In acceleratorexperiments

it wassufficient to maintainthesuperheatedstateduringthefew millisecondscorrespondingto

thebunchedarrival of incidentparticles.Uncontrollableboiling on porousmaterials(gaskets,

metallic surfaces)preventedseriousconsiderationof this type of detectorin searchesfor rare

events,wherethetimeof arrival of thesignalis not known.

Taking several precautionstowardsthe deactivation of inhomogeneousbubblenucleation

centers,we have recentlyshown that it is possibleto achieve what is in principle an indefi-

nitely longstability in moderatelysuperheatedbubblechambers(7), therebyallowing their use

in direct WIMP searches.In this realmof application,several advantagesfor this type of de-

tectorcanbe mentioned.Most importantis the fact that the superheatedliquid canbe tuned

to respondexclusively to particleshaving a largestoppingpower ( ��������� , energy lossperunit

pathdistance).In this way muons,gammarays,x-rays,betaparticles,etc.,all fall well below a

bubblenucleationthreshold,which is typically ����������� �!��"$#&%'�!(*) duringa WIMP search

(Fig. 1). The target liquids areneverthelesssensitive to few-keV nuclearrecoilssuchasthose

expectedfrom thescatteringof WIMPs, giventheir muchdenserenergy deposition.Thepro-

cessof radiation-inducedbubblenucleationis describedwithin theframework of theclassical

“Hot Spike” model(8): for the phasetransitionto occur, the energy depositedby the particle

mustbe larger thanthe thermodynamicalwork of formationof a critically-sizedprotobubble,
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but thisenergy mustalsobelostoveradistancecomparableto thesizeof thisprotobubble,i.e.,

aminimumstoppingpowerconditionmustbefulfilled. Thisconditionleadsto anadvantageous

insensitivity to thelistedminimumionizingbackgroundsthatnormallyplagueWIMP searches

(Figs.1,2).Formaldetailson thetheoryof radiation-inducedbubbleformationin superheated

fluids canbefound in (9,10,11) andreferencestherein.As for theprobabilityof spontaneous

(homogeneous)bubblenucleationin thebulk of a superheatedfluid, it only becomessizeable

a few degreesbelow thecritical temperatureof thetargetcompound(12). In normaloperating

conditionsfor adarkmattersearchthis sourceof instability is entirelynegligible.

Experimental

Chamber operation Early in 2005 we installeda chambercontaining1.5 kg of CF� I, an

industrialrefrigerantcommonlyusedasa fire extinguisher, at the350-footdepthof theNuMI

(Neutrinosat theMain Injector)tunnelin Fermilab. Environmentalneutronscanproducesingle

bubblessuchasthoseexpectedfromWIMPsif they scatterjustoncein thetarget(Fig.2).At this

shallow depth,a combinationof activeandpassiveshieldingcanleadto a neutronbackground

rateaslow as0.01bubbles/ kg-day. The choiceof CF� I providesoptimal sensitivity to both

spin-dependent(SD)andspin-independent(SI) WIMP couplings,in thefirst caseby its fluorine

content,in the secondvia the presenceof iodine (1, 2, 13). This allows a maximally efficient

explorationof supersymmetricWIMP candidates(4).

Bubbleproductionwithin thechamberis monitoredvia two triggermechanisms,thesound

emissionor pressurerisecreatedby their formationandgrowth, andby thechangesthat their

appearanceinducesin CCD cameraimages,inspectedevery 	 20 ms.Two orthogonalcameras

watch the inner volume(Fig. 2), wherethe active liquid resideswithin a thin quartzvessel.

A bellows mechanismbalancesthepressuredifferenceacrossthequartzvesselwall (14). The

precisionin thestereoscopicreconstructionof thespatialpositionof smallearlybubblesis of
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the orderof their sizeat the time of the trigger, 	 1 mm. A live-timefraction of 	 80 % was

obtainedaftertheadoptionof real-timeimageanalysisastheprimarytrigger.

Thechamberwasoperatedcontinuously, in a varietyof conditions(pressure,temperature,

presenceof radioactive sources,differenttriggeringmethodsandpressurecycling protocols),

for ayearstartingon December2005,generatinganexposurelargerthan250kg-days,with an

overall meantime betweenexpansionsof 	 100 s. The emphasison this first large prototype

waspurelyon thefunctionalaspectsleadingto continuousunattendedoperationandenhanced

stability, obtainedby implementingthe techniquesdescribedin (7). In the interestof rapid

deployment, little attentionwas paid to alpha-recoilbackgroundssuchas thoseinducedby

radonandits progeny (Fig. 1). Thedataathand,althoughentirelydominatedby radon-induced

backgrounds,alreadyyield animprovedsensitivity to SDWIMP-protoncouplings.

Calibrations Of importanceprior to a WIMP searchis an empirical determinationof the

maximumdegreeof superheat(15) achievablebeforetheonsetof sensitivity to minimumion-

izing particlessuchasphotoelectrons(Fig. 1). This in turndefinesthelowestrecoil energy that

canbedetectedin background-freeconditions,andwith it theacceptancefor a WIMP signal.

Similarly, it wasnecessaryto demonstratethat sensitivity to low-energy nuclearrecoils was

neverthelesspresentin thoseconditions.Two calibrationsourcesweredevelopedfor thesepur-

poses.Thefirst one,anintense13 mCi
���,+

Csgammasource,wasplacednext to thechamber’s

outersteelvessel,insideits neutron-moderatingpolyethyleneshield.Fig. 3 showstheresponse

of thechamberasa functionof operatingpressurein thepresenceof thesourceandin its ab-

sence.A MonteCarlosimulation(16) wasusedto calculatetherateof photon-inducedelectron

productionwithin the active volumeof the chamber. From the differencebetweenthis inter-

actionrateandtheobservedbubblenucleationratein thepresenceof thesourceit is possible

to obtaina gammarejectionfactor(the fractionof interactinggammasinducingbubbles)asa
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function of degreeof superheat.This factorcanthenbe expressedin termsof the calculated

nuclearrecoil energy thresholdfor eachpressuresetting(Fig. 3, inset).Theminimum-ionizing

backgroundrejectionobtained,	�
��� ��� for anuclearrecoil thresholdof 	 10keV, is unmatched

by any otherWIMP detector. For instance,dark matterdetectionefforts usingcryogenicger-

maniumdetectorssensitiveto bothionizationandheat(Akeribetal. in (13)) presentlyfeaturea

rejectionfactor 
-� ��.�/ 
-� ��0 for asimilar recoil threshold.As a resultof this,moderatelysuper-

heatedbubblechambersarefreefrom any radiopurityconstraintsin gammaor betaemittersin

thedetectoror its neutronmoderatorshield,includingpossibleelevatedratesof
� . C in theactive

liquids. This freedom,whencombinedwith room-temperatureoperation,translatesinto large

gainsin constructionspeedanda reductionin costs.This backgroundinsensitivity is intrinsic:

electron-inducedeventssimplydo not takeplace.

Thesecondcalibrationsourceis a switchableAm/Be neutronsource(Fig. 4). It waschar-

acterizedusinga
�
He countersurroundedby moderator. A Monte Carlo simulation(16) was

usedto generatetheresponseof thecounter, leadingto a measuredneutronyield of 4.9n/s,in

excellentagreementwith the 132'46587 reactionyield from the
� . � Am foil sourcesemployedand

separatelycharacterized.In order to further assessthe uncertaintyin the very small yield of

the source(19), the samesimulationpackageandneutrondetectorwereusedto characterize

five commercialneutronsourcesof known activity. This uncertaintywasfoundto bea modest
9

11%.Thisswitchablesource,alsoplacedoutsideof thesteelwall of therecompressioncham-

ber, is moderatedby the 	 10cmof recompressionfluid aroundthequartzvesselandis therefore

expectedto producerecoilsverysimilar in energy to thosefrom WIMP interactions(Fig. 4, in-

set).In comparingthepredictedresponseto thissourcewith actualobservations,onemusttake

into accountadditionalsourcesof uncertaintyaffecting the input to theMCNP-PoliMi Monte

Carlo (21) usedto transportneutronsandgeneratethe expectedrateandenergy distribution

of recoilsin the active liquid. We have appraisedtheseto be dominatedby a
9

28% from the
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fiducializationof thechambergeometryanda
9

24%from thehardnessof theneutronspectrum

(affectedby alpha-particleenergy losseson their way to theBe foils (22)). Thecomparisonis

verygood,ascanbeappreciatedin Fig. 4. Thesepredictionsweregeneratedprior to inspection

of theneutronirradiationdata.Thesuccessof thiscalibrationconfirmsthepredictionsfor bub-

ble nucleationthresholdsasa function of superheat,sanctioningWIMP limits obtainedfrom

thedevice. Switchablesourcessimilar to this onecanbeusedin plannedlargerchambersfor

periodicstudiesof responseto nuclearrecoils,importantfor instancewhenlooking for WIMP-

inducedmodulationsin the data(3). To the bestof our knowledgethis is the first instanceof

their usein adirectsearchfor WIMPs.

Presentlimitations of the method Two backgroundsbecameevident during underground

operationof thechamber. Thefirst is anexcessof bubbleson thewall of thequartzvessel.A

fractionof their ratemayarisefrom theexposureof thevesselto typicalconcentrationsof radon

in air beforeinstallation.Thisresultsin theshallow implantationof its long-livedalpha-emitting

daughters(20). Anothersourceableto explain mostto all of theobservedsurface-alpharateis

the 	 50 ppbof uraniummeasuredvia gammaspectroscopy in the quartzvesselmaterial.An

origin in alphaemissionfor thesewall eventsis confirmedby their disappearanceat pressures

higher than65 (35) psig, the predictedthresholdsfor alpha-inducedbubblenucleationwhen

operatingat 40 (30) C. Imageanalysisreadily identifiesthesebubblesas happeningon the

wall, allowing rejectionwith highconfidence.However, sinceeacheventis followedby tensof

secondsof recompressiontimeto ensurerecoveryof thesuperheatedstatein thesubsequentde-

compression(7), anexcessivewall rateperunit quartzsurfacewouldleadto aconsiderabledead

timein largerchambers.A decreaseby : 10( : 100)in thewall eventratefrom thepresentlyob-

servedvalueis neededto ensurethatO(50)kg chambersunderconstructionsustaina live time

� 60 % ( � 85 %). In orderto achieve this reduction,anetchingprocedurehasbeendeveloped
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in collaborationwith thevesselmanufacturer, facilitating the removal of implanteddaughters

while preservingsurfacesmoothnessandresistanceagainstfractureinitiation. In addition,new

chambersemploy syntheticfusedsilicacontainingonly a few pptof alpha-emitters.

Thesecondsourceof backgroundeventsfrom this mechanicalprototypedetectorconsists

of temperature-dependentradonemanationsandinjectionsinto the chamber, likely from tho-

riatedweld lines anda Viton O-ring exposedto the innerdetectorvolume.Viton is known to

releaseradonatarateof 	 300mBq/) � anddoesnotcreateastrongbarrieragainstits diffusion

from externalsources.Radondecayscanleadto singlebubblesin the bulk identical to those

expectedfrom WIMPs (they neverthelessdisplaya verydifferentspectralandtemporaldepen-

dence,asdiscussedbelow). That theorigin of essentiallyall presently-observedbulk eventsis

in radon-associatedalphasandalpha-recoilsis evidencedby two signatures.First, thedistribu-

tion of timesbetweenconsecutive bulk events(Fig. 5) displaysa clearshort-livedcomponent

correspondingto thethedecaysequence
�;�;�=< 5?> �6��@ ACB > �6� . AED (bothstepsarealpha-emitting).

Two independentanalysesof this distribution, includingthefull decaychain(Fig. 5), theeffect

of recompression(dead)time, fiducial volumecutsandthe possibility of othersourcesbeing

present,stronglyfavor modelswith 	 100%of theeventsbelongingto the
�;�;�

Rnsequenceanda

	 100%bubblenucleationefficiency for thecombinedalphaandalpha-recoilemission.Second,

thedistribution of bulk eventratesvs. operatingpressureat a fixedtemperatureis flat below a

sharplydefinedonsetpressure,the valueof which is againin goodagreementwith theoreti-

cal expectations(Fig. 5). This is thekind of spectralbehavior expectedfrom theresponseof a

thresholddetectorto amono-energeticsource.It hasbeenobservedin thepastin bubblecham-

bersintentionallyspikedwith alphaemitters(23). New largerchambersunderconstructionuse

metallicseals,with all weld linesbeingnon-thoriated,amongotherprecautionsagainstRn.

8



Impr ovedsensitivity to WIMP couplings

Evenconstrainedby thebackgroundlimitationsof themechanicalprototypein theseearlyruns,

an improved sensitivity to the spin-dependentWIMP-protoncoupling is obtainedfrom these

data.This is possibledueto theextremesensitivity to this modeof interactionaffordedby the

large massfraction of fluorine (29.1%)andtheoperationof thechamberin conditionswhere

only nuclearrecoils(alpha,neutronor WIMP-induced)canproducebubbles.Fig.5 displaysthe

characteristicrecoil rateexpectedfrom exampleWIMPs,overlaidon thedata.Suchspectraare

calculatedfor differentWIMP massesusingthe theoreticalbubblenucleationthresholds(top

axis in the figures)for fluorine recoils(24). Thesearein turn usedto generatethe integrated

WIMP recoil rateabove threshold,following themethodanddarkmatterhaloparametersrec-

ommendedin (25). Thesethresholdcalculationshave beenvalidatedby their successin pre-

dicting the responseof thechamberto theAm/Be source(26). Following a proceduresimilar

to that in (27), experimentalbulk bubblenucleationratesvs. pressure,suchasthosedepicted

in Fig. 5, arefitted with a modelcontainingtwo freeparameters:thesignalfrom a WIMP of a

givenmass,scalableby a freespin-dependentcross-section,andtheresponseto
�;�;�

Rn alphas,

expressedasa logistic functionwith a freeoverall normalization(Fig. 5). Theminimizationis

performedusingtheMINUIT package(28), its outputcross-checkedvia a standarderrorma-

trix analysis.Thebestfits favor thenull hypothesisalone(responseto
�;�;�

Rn alphasonly). The

largestspin-dependentcouplingsallowedby thedata,up to a 90 % C.L., aredisplayedin the

form of exclusionplots in Fig. 6. Theseboundsarisefrom the weightedaverage(25) of the

analysesperformedon threeindependentlargedatasetsaddingup to 52kg-daysof exposure.
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Conclusions

Even prior to any measuresagainstalpha-emittingbackgrounds,improved boundson spin-

dependentWIMP couplingscanbeobtainedfrom theapplicationof anold technology, bubble

chambers,to anew problem,thatof darkmatterdetection.In particular, thesenew boundsmake

aspin-dependentinterpretation(30) of theDAMA claimof anobservedWIMP signal(31) very

difficult. Otherexperimentshavealreadyseverelyconstrainedspin-independentexplanations.

In principle, and strictly from the point of view of internal backgrounds,the sensitivity

of this techniquecanbe improvedby asmuchassix ordersof magnitudeby reducingalpha-

emittingcontaminantsfromtheuraniumandthoriumchainsto levelssimilarto thebestachieved

in large neutrinoexperiments( �F
-� � �3+ g/g) (34). This would guaranteean extensive probing

of supersymmetricWIMP modelsalongbothspin-dependentand-independentcouplings(4).

The possibility exists to add the detectionof dark matterto the many contributions already

madeby BubbleChambersto particlephysics.Wepresentlyconcentrateon thedevelopmentof

radon-freechamberswith a total targetmassof O(50)kg.
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Figure1: Instantaneousstoppingpower vs.energy for differentparticlesin CF� I, includingits
threerecoilingspecies.PlottedashorizontalandverticallinesarethecalculateddE/dxanden-
ergy thresholdsfor bubblenucleationatT=40C andtwo differentoperatingpressures.Accord-
ing to the“Hot Spike” nucleationmodel(8) only radiationsin thetop right (colored)quadrants
canleadto bubbles.Noticetheabsenceof this possibility for electronseventowardtheendof
their range,in conditionsthatnonethelessleadto asensitivity to recoilsof just a few keV, such
asthoseexpectedfrom WIMP interactions.Alpha particlesandtheir recoiling daughterscan
inducebubblenucleationsandthepresenceof their emittersmustthereforebeavoided.
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Figure2: Familiesof eventsin a1.5kg CF� I bubblechamber. At highdegreesof superheat( 	 60
C andatmosphericpressurefor this compound),minimumionizing cosmicray eventsreminis-
centof thoseobserved in earlybubblechambers(5) arevisible (left). At moderatesuperheats
( 	 30C, 1 atm)thechamberis sensitivestrictly to high ��������� radiationsuchasnuclearrecoils.
Whereasneutronscangive riseto simultaneousseparatebubbleseachcorrespondingto a scat-
ter (center),WIMPs areexpectedto producesinglebubblesonly (right), dueto their extremely
small probability of interaction.The meanfree pathbetweenscattersis of just a few cm for
neutrons,leadingto anexcellentability to rejectthemin largechambers.
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Figure3: Responseof thechamberto anintense
���,+

Csgammasource.Theexpectedgammain-
teractionratewith thesuperheatedliquid is 3.9 :J
-��K persecond,with gamma-inducedelectron
energiesreachingup to 662keV. Inset: Intrinsicgammarejectionfactor(fractionof interacting
gammasinducingbubbles)obtainedfrom theexposureto thesource(seetext).
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Figure4: Blind absolutecomparisonbetweenexpectedbubblenucleationrate(lines) andob-
servations(points)in theactive presenceof theswitchableAm/Be neutronsource(top inset).
Thetwo linescorrespondto largelydifferentvaluesof anucleationparameter“a” (17), thesin-
gle free factorin theclassicaltheoryusedto predictbubblenucleationthresholds(8). A fit to
the dataprovidesan excellentagreementwith theoreticalexpectations(a = 6) (18). Including
theuncertaintyin thepredictions(seetext) thesamefit simultaneouslyyieldsanefficiency in
the responseto this sourceof L$
 9 K ��;� % ( �M
 9 . ���@ %) at 40 C (30 C) (errorsare90% confidence
levels).Calculatedthresholdsfor recoil-inducednucleationareexpressedin keV alongthetop
axis.Bottominset:Spectrumof nuclearrecoil energiesproducedby thesource(MCNP-PoliMi
simulation(21)), similar to typicalexpectedWIMP recoil spectra.
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Figure5: Top: Distribution of timesbetweenconsecutive bulk eventsin thechamber. A model
(solid line) includingtheeffectof deadtimeandfiducial volumecuts,basedon thetriple alpha
emissionfrom

�;�;�
Rn andprogeny, successfullyreproducesthis distribution (seetext). Bottom:

Distribution of singlebulk bubblenucleationratevs.operatingpressure,for two differentrun-
ning temperatures.Ratesdisplayaflat behavior up to apressureendpoint.This is characteristic
of theresponseto monochromaticalphasand 	 100keV alpharecoils(herefrom

�;�;�
Rnemana-

tions,seetext). Coloredarrowsalongthebottomaxesindicatethepredictedonsetof sensitivity
to theseparticles,in goodagreementwith observations.As a reference,solid linescorrespond
to the expectedsignal rate from WIMPs with a massof 10 and50 GeV/N � anda 3 pb cross
sectionfor their spin-dependentcoupling to protons.Also shown is the responsefunction to�;�;�

Rn andprogeny (dashedlines).Calculatedenergy thresholds(in keV) for bubblenucleation
by fluorinerecoilsareshown alongthetopaxes.
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Figure 6: Top: Improved limits on spin-dependent(pure) proton-WIMP coupling vs. WIMP
massfrom this experiment(COUPP, the ChicagolandObservatory for UndergroundParticle
Physics).Couplingsabove the line would have producedsignalsabove observedbackgrounds
andareexcludedto 90%C.L. Limits from otherexperimentsarealsoshown (29), aswell asthe
(orange)region favoredasa possibleexplanationto an existing claim for WIMP observation
(30, 31), a hypothesisnow contradictedby this experiment.Bottom: Similar limits for spin-
dependentcouplingparameterswhereno assumptionis madeabouttherelative strengthof the
couplingto neutronsandprotons,but aWIMP massmustbechosen(50 GeV/c

�
here)(32,33).

Theregionoutsideof theellipsesis excludedby eachexperiment.
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